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In contrast to trials of training without intervals (massed training), training trials spaced over time (spaced training) induce a more
persistent memory identified as long-term memory (LTM). This phenomenon, known as the spacing effect for memory, is poorly
understood.LTMis supportedby structural synapticplasticity; however, howsynapses integrate spaced stimuli remains elusive.Here,we
analyzed events of structural synaptic plasticity at the single-synapse level after distinct patterns of stimulation in motoneurons of
Drosophila. We found that the spacing effect is a phenomenon detected at synaptic level, which determines the specificity and the
precision in structural synaptic plasticity.Whereas a single pulse of stimulation (massed) induced structural synaptic plasticity, the same
amount of stimulation divided in three spaced stimuli completely prevented it. This inhibitory effect was determined by the length of the
interstimulus intervals. The inhibitory effect of the spacing was lost by suppressing the activity of Ras or mitogen-activated protein
kinase, whereas the overexpression of Ras-WT enhanced it. Moreover, dividing the same total time of stimulation into five or more
stimuli produced a higher precision in the number of events of plasticity. Rasmutations associated with intellectual disability abolished
the spacing effect and led neurons to decode distinct stimulation patterns asmassed stimulation. This evidence suggests that the spacing
effect for memory may result from the effect of the spacing in synaptic plasticity, which appears to be a property not limited to neurons
involved in learning and memory. We propose a model of spacing-dependent structural synaptic plasticity.
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Introduction
Activity-dependent synaptic plasticity is essential for learning-
dependent behavioral readjustment. It is well established that a
weak training produces short-term memory based on posttrans-
lational modifications, whereas a stronger training produces
long-term memory (LTM) based on structural changes at the
synaptic level (Cedar et al., 1972; Brunelli et al., 1976; Kandel et
al., 1976; Castellucci et al., 1982; Bailey and Chen, 1988, 1989;
Bailey et al., 1992). However, how different stimulus patterns are
decoded into specific structural plastic changes is poorly under-
stood (Krama´r et al., 2012; Fujii et al., 2013).
Multiple trials of training aremore effective for learning when
trials are presented spaced in time (spaced learning) compared
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Significance Statement
Long-termmemory (LTM) induced by repeated trials spaced over time is known as the spacing effect, a common property in the
animal kingdom. Altered mechanisms in the spacing effect have been found in animal models of disorders with intellectual
disability, such as Noonan syndrome. Although LTM is sustained by structural synaptic plasticity, how synapses integrate spaced
stimuli and decode them into specific plastic changes remains elusive. Here, we show that the spacing effect is a phenomenon
detected at the synaptic level, which determines the properties of the response in structural plasticity, including precision of such
response. Whereas suppressing or enhancing Ras/mitogen-activated protein kinase signaling changed how synapses decode a
pattern of stimuli, a disease-related Ras allele abolished the spacing effect for plastic changes.
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with the same amount of training without rest intervals (massed
learning) (Ebbinghaus, 1885). This effect, known as the spacing
effect, is a robust phenomenon that has been described exten-
sively in humans (Ebbinghaus, 1885; Cepeda et al., 2006; Vlach
and Sandhofer, 2012). In animal models, the spacing effect was
detected across phyla in distinct learning paradigms including
sensitization, habituation, conditioning, navigation,motor skills,
and memory extinction (Ebbinghaus, 1885; Carew et al., 1972;
Tully et al., 1994; Gerber et al., 1998; Hermitte et al., 1999; Beck et
al., 2000; Sutton et al., 2002; Cepeda et al., 2006; Philips et al.,
2007; Urcelay et al., 2009). The spacing effect is associated with
LTM and the underlying mechanisms are just beginning to be
elucidated. It was found that there is mitogen-activated protein
kinase (MAPK) activation a few minutes after spaced or massed
training (Philips et al., 2007; Pagani et al., 2009; Li et al., 2016).
When two trials were in temporal proximity, as in the massed
training, the second trial removed the activation of MAPK pro-
duced by the first trial. As a result, the spaced protocol produces
multiple peaks ofMAPK activation (one peak during every inter-
trial interval), whereas the massed protocol produced a single
MAPK peak at the end of the protocol (Pagani et al., 2009). Tem-
porally coordinated activity of protein kinase A (PKA) and
MAPK might be required (Zhang et al., 2011). The activation of
MAPK in the spaced training is required for LTM production
(Philips et al., 2013). However, only the first peak of MAPK acti-
vation requires growth-factor-dependent synaptic signalingmecha-
nisms (Kopec et al., 2015).
Although the spacing effect seems to be a fundamental prin-
ciple of learning, little is known about the structural synaptic
plasticity after spaced stimuli, which is expected to support long-
lasting behavioral changes. After massed and spaced training,
reduced synaptic density correlated with the persistence of the
memories produced (Aziz et al., 2014). In addition, ex vivo and
in vitro studies also provide evidence of the spacing effect at syn-
aptic level. In hippocampal slices, two trains of theta burst stim-
ulation (TBS) spaced by 60 min, but not 30 min, induced a large
number of dendritic spines (Krama´r et al., 2012). In cultured
hippocampal neurons, whereas a single high K depolarization
pulse for 3 up to 12min showed no effect on filopodia formation,
4 pulses of 3min produced a significant number of new filopodia
(Wu et al., 2001). Similarly, in Drosophila larval neuromuscular
junctions (NMJs), five spaced high K stimuli rapidly produced
new synaptic boutons, whereas a more massed protocol failed to
produce structural synaptic plasticity (Ataman et al., 2008).
These studies showed fundamental differences in structural syn-
aptic plasticity after spaced and massed stimulation. However, it
is unclear how a synapse computes and integrates spaced stimuli
required for structural plastic changes.
To answer this question, we examined the effect of distinct
stimulation patterns and genetic manipulations on discrete events
of structural synaptic plasticity, using an ex vivo preparation of
Drosophila larval NMJs, a powerful model system with which to
investigate synaptic function and plasticity (Ataman et al., 2008;
Koon et al., 2011; Korkut et al., 2013; Menon et al., 2013). We
found a spacing-dependent structural synaptic plasticity modu-
lation in which genetic manipulations of Ras/MAPK changed
how synapses decode a stimulus pattern.
Materials andMethods
Fly stocks. Flies were raised at 29°C on standard cornmeal medium with
12:12 light:dark cycles and 65% humidity. Drosophila stock UAS-
RasV152G was generated as described previously (Oishi et al., 2006) and
D42-Gal4 (RRID:BDSC_8816), UAS-mCD8.mRFP (RRID:BDSC_27398),
UAS-mCD8.mGFP (RRID:BDSC_5137), UAS-Ras85D.K (RRID:BDSC_
5788), UAS-Ras85D.N17 (RRID:BDSC_4845), UAS-Ras85D.RNAi (RRID:
BDSC_34619), and UAS-rl.RNAi (RRID:BDSC_31524) stocks were ob-
tained from the BloomingtonDrosophila Stock Center and are described
at FlyBase (http://www.flybase.org).
High K depolarization paradigm. The experimental procedure was
performed as described previously (Ataman et al., 2008). Body wall mus-
cles were dissected from males and females of wandering third instar
larvae in normal-HL-3 saline (Stewart et al., 1994) containing 0.1 mM
Ca2. The CNS and the peripheral neurons innervating the muscle wall
were left intact. Stimulations weremade with high K concentration (90
mM), reducingNaCl concentration tomatch osmolarity of normal-HL-3
saline containing the following (in mM): 40 NaCl, 90 KCl, 20 MgCl2-
6H2O, 1.5 CaCl2, 10NaCO3, 5 sucrose, 5 trehalose, and 5HEPES, pH 7.2.
Chemical reagents used were from Sigma-Aldrich. Normal-HL-3 and
high K-HL-3 were interchanged to generate the different stimulation
protocols.
Quantification of number and area of synaptic boutons. Live images of
the NMJs were taken before and after stimulation as indicated in each
protocol. Images were taken with an Olympus BX53 epifluorescence
microscope equipped with an Olympus Q-Color5 digital camera using a
40 water-immersion objective. RFP-labeled nerve terminals of the lar-
val NMJs were taken at muscles 6 and 7 of abdominal segment 3. Several
high-resolution pictures (2560 1920 pixels) were obtained at different
levels of the z-axis to include the whole nerve terminal. Then, images
were merged using method C (pyramidal) in Focus version 6.0.18
software (Helicon), which provided the final image. New synaptic bou-
tonswere identified as rounded synaptic processes present in images after
stimulation but absent before stimulation. The total number of synaptic
boutons was quantified in the images obtained before stimulation. The
area of new synaptic boutons was measured after defining ROIs for bou-
tons without including the neckwith ImageJ version 1.49.Measures were
obtained in pixels for each synaptic bouton.
Plasmamembrane integrity assay. Dissections of the NMJ preparations
were performed as described above. Four hours after the stimulation
conditions (i.e., 16 min of massed stimulation or nonstimulated con-
trol), NMJ preparations were incubated with propidium iodide (1 g/
ml) for 30 min. The nonstimulated control was incubated with HL-3
containing 0mMCa2 and EGTA 1mM. Live images were obtained after
staining.
Electrophysiology. Larvae were dissected and subjected to the high K
depolarization protocols as indicated above. Recordings were performed
in HL-3 saline (Stewart et al., 1994) containing 0.5 mM calcium at room
temperature as described previously (Ataman et al., 2008). Body wall
muscles were visualized under a Nikon FN1 microscope equipped with
epifluorescence illumination using a 40 water-immersion long-
working distance objective (numerical aperture: 0.8; working distance:
2 mm). Body wall muscles 6 and 7 of abdominal segment 3 were impaled
at50 m from motoneuron terminals identified by fluorescence with
borosilicate glass (inner diameter: 0.58mm, outer diameter: 1mm) (WPI
catalog #1B100F-4) microelectrodes (25–40 M) shaped with a puller
(P-97; Sutter Instruments) and filledwith 3MKCl. Signalswere amplified
using a Multiclamp 700B amplifier (Molecular Devices) in current-
clamp mode, low-pass filtered at 200 Hz, digitized at 20–25 kHz (Digi-
data 1200; Molecular Devices), and acquired on a PC running pClamp 9
software (Molecular Devices). Only muscle cells with a resting potential
of at least 50 mV and input resistance of at least 3 M were used for
analysis. Input resistance was determined from the voltage deflection pro-
duced by a 1 nA, 500 ms current pulse. Miniature excitatory junction
potential (mEJP) frequency was calculated from the total count of events
observed in 120 s recordings using Clampfit software (Molecular Devices).
Counts were done by an experimenter blinded to treatments. Data were
normalized to the average frequency of nonstimulated controls.
Crawling activity assay. Temperature-induced crawling assay was per-
formed as described previously (Tsai et al., 2012). Crawling activity was
measured form third instar larvae raised at 29°C. Experiments where
performed at room temperature set at 29°C and 70% humidity. Larvae
were placed in Petri dishes of 8 cmdiameter containing agar 1.8% stained
dark blue for better contrast. Larvae were recorded with a webcam for a
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period of 10 min (30 Hz sampling). Automated tracking was made with
Any-Maze version 5.14 software. Immobility was estimated as the persis-
tence of the position of the body of the animal (65%of the body ormore)
for a period4 s.
Statistical analysis. Statistical analyses were performed with Prism ver-
sion 6.01 software (GraphPad) except for bootstrapping resampling and
Monte Carlo permutation test, which were performed using MATLAB
version 8.6.0.267246 (R2015b), and the likelihood ratio test for overdis-
persion, which was performed using R version 3.3.1. Statistical analysis
was performed after quantification of new synaptic boutons on high-
resolution recorded images. The Shapiro–Wilk test was used to evaluate
data normality and Bartlett’s test for homogeneity of variances. For
new synaptic boutons, nonparametric tests were used comparing
multiple groups with Kruskal–Wallis test followed by Dunn’s multiple-
comparisons test. For total number of boutons one-wayANOVA test was
used.
Results
Spaced, but not pseudo-massed, stimuli induce structural
synaptic plasticity
To investigate how specific stimulus patterns turn into specific
events of synaptic plasticity, we used an ex vivoNMJ preparation
expressing a membrane-bound RFP (mCD8-RFP) in motoneu-
rons. We began using specific protocols of stimulation with high
K described and characterized previously (Ataman et al., 2008).
In that study, 16 min of total stimulation was presented in two
distinct patterns, the spaced protocol, in which the stimulation
was distributed in five pulses spaced by 15 min, and the pseudo-
massed protocol distributed in three pulses spaced by 15 min. In
contrast to the pseudo-massed protocol, the spaced protocol pro-
duced new synaptic boutons, rounded synaptic processes with
delayed formation of postsynaptic specialization characterized
previously in detail (Ataman et al., 2008; Korkut et al., 2013;
Piccioli and Littleton, 2014).Moreover, amore physiological stim-
ulation (nerve stimulationor light-activated channel rhodopsin-2 in
the intact animal) produces a similar effect (Ataman et al., 2008).
We used the motoneuron-specific driver D42-GAL4 to drive
the expression of the UAS-RFP (Sanyal, 2009) and imaged nerve
terminals before and after stimulation. We began examining the
synaptic plasticity response after the spaced and pseudo-massed
stimulation. Consistent with the original report, the spaced pro-
tocol produced a significant number of new synaptic boutons 40
min after stimulation, whereas the pseudo-massed protocol did
not (Fig. 1A–D). The pseudo-massed protocol did not produce
new synaptic boutons even 74 min after the stimulation, which
covers the time required in the spaced protocol (Fig. 1D). The
structural synaptic plasticity was an activity-dependent phenom-
enon because, in the absence of stimulation, we did not observe
new synaptic boutons (Fig. 1D). The pseudo-massed protocol
effectively provides a more massed stimulation than the spaced
one,which led to the conclusion that the rapid induction of struc-
tural synaptic plasticity requires spaced stimulation (Wu et al.,
2001; Ataman et al., 2008).
Activity-dependent synaptic plasticity after
massed stimulation
It is important to note that the pseudo-massed stimulation pro-
tocol contains two interstimulus intervals (ISIs) of 15 min (Fig.
1A). Therefore, this protocol is not truly a massed stimulation,
which makes it difficult to interpret the effect of this protocol on
synaptic plasticity compared with the spaced one. To develop a
truly massed protocol of stimulation, we examined the effect of
16 min of continuous stimulation. First, we confirmed that this
strong protocol did not damage the NMJ preparation. To do so,
we performed a plasma membrane integrity assay (see Materials
and Methods). Then, to detect signs of damage, we also exam-
ined: the nerves ofmotoneurons after 4 h of nonstimulation (NS)
and M16 stimulations to detect varicosities or discontinuities
(Xiong and Collins, 2012) and the NMJ morphology compared
with the initial state (data not shown). In addition, electrophysi-
ological experiments also support that the M16 protocol does
not damage the NMJ (see below).
Unexpectedly, the massed protocol generated as many new
synaptic boutons as the spaced protocol 40 min after stimulation
or 64 min later, which covers the time required in the spaced
protocol (Fig. 1A,D,E). There was no difference in the size of the
new synaptic boutons produced by the spaced and the massed
protocols (data not shown). A straightforward interpretation is
that, when a single stimulation pulse is sufficiently long, synaptic
plasticity is also possible. This implies that each of the pulses in
the pseudo-massed protocol (i.e., 5 or 6 min; Fig. 1A) individu-
ally should be unable to produce new synaptic boutons. There-
fore, we examined the effect of massed stimulation of increasing
duration from 2 up to 16 min. These experiments revealed two
properties. First, a significant number of new synaptic boutons
can be generated by a single pulse of stimulation as short as 6min
(Fig. 1F). This evidence indicates that the absence of new synaptic
boutons after the pseudo-massed protocol cannot be explained
by a short duration of its individual pulses of stimulation. We
investigated in detail this paradoxical synaptic property below.
Second, the number of new synaptic boutons produced by a sin-
gle pulse of stimulation showed a sigmoid relationship with the
duration of stimulation, suggesting cooperativemechanismsme-
diating these plastic changes (Fig. 1F; Salazar et al., 2010).
The formation of new synaptic boutons by a single pulse of
stimulation provides an intriguing situation. How is it possible
that a single pulse of 6 min produced new synaptic boutons,
whereas a pseudo-massed protocol containing pulses of 5 and 6
min did not? This cannot be explained by the time at which
the picture was taken because a second picture 120 min after
the beginning of the stimulation showed the same result (Fig.
1A,D,F). One possible explanation emerges after an analysis of
the differences among protocols (Fig. 2A). The pseudo-massed
protocol contains two ISIs, whereas the massed does not (Fig.
2A). Therefore, the ISI may produce a negative effect on the
generation of new synaptic boutons, which precludes plasticity in
the pseudo-massed protocol. However, in the spaced protocol,
the inhibitory effect on plasticity might be overcome by the ad-
ditional repetition of stimulation (two additional pulses com-
pared with the pseudo-massed protocol; Fig. 2A). To test this
possibility, we performed experiments presented in the following
two sections.
ISI-dependent inhibition of synaptic plasticity in the
pseudo-massed protocol
The fact that a single pulse of 6 min induced plasticity (Fig. 1F)
but the pseudo-massed protocol with a last pulse of 6min did not
indicated that the inhibitory effect of the ISI may be an active
effect, not a passive one. It should be noted here that, during an
ISI, mechanisms activated by the preceding pulse of stimulation
are expected to occur.We rationalized that the inhibitory effect of
the ISI should have a proper duration to be effective, which can be
evident by shortening the ISI. Therefore, if the length of the ISI is
not effective after shortening, the pulses will be decoded as a
massed stimulation. To test this idea, we examined the effect of a
pseudo-massed protocol with an ISI of 10, 15, or 20 min dura-
tion. Whereas a pseudo-massed protocol containing two ISIs of
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Figure 1. Spaced ormassed, but not pseudo-massed, stimulation induces new synaptic boutons.A, Protocols of stimulation. Control nonstimulated (NS), spaced stimulation (S), pseudo-massed
stimulation (PM), and massed stimulation (M16). The time of image recoding is represented by a camera icon. The protocol architecture reproduces a previous report (Ataman et al., 2008).
B, Representative motor nerve terminal expressingmembrane-tethered RFP imaged at the larval NMJ before and 40min after the spaced stimulation protocol (S). White arrowheads indicate new
synaptic boutons and black arrowhead indicates a new filopodium-like structure. C, NMJ before and after stimulation with a PM protocol at the time points indicated in the protocol above.
D, Quantification of new synaptic boutons 40 min after stimulation conditions presented in A. Scatter dot plot showing median (gray line) with interquartile range. Black dots represent each
replicate. n 10 NMJs from five animals. Asterisks indicate a significant difference compared with control NS; S p 0.0004 and M16 p	 0.0001; Kruskal–Wallis test followed by Dunn’s
multiple-comparisons test. E, NMJ before and after stimulationwith amassed (M16) protocol at the time points indicated in the protocol above. F, New synaptic boutons aftermassed stimulation
of increasing duration. Sigmoidal fit, with confidence interval (dot line), n 54, each time point 9 NMJs from 5 animals, R 2 0.4789. Black dots represent each replicate. Empty circles represent
means. *Significant difference after 6 min of massed stimulation compared with control NS ( p 0.0074, Kruskal–Wallis test followed by Dunn’s multiple-comparisons test).
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Figure 2. Effect of the spacing and the repetition in stimuli regulates structural synaptic plasticity. A, Comparison of protocols aimed at understanding why the pseudo-massed stimulation did
not produce synaptic plasticity. Schematic representation of protocols (left) and their responses in plasticity (right) are shown. Whereas the massed (M16) and the spaced protocol (S) induced
synaptic plasticity, the pseudo-massed (PM) did not. In contrast to theM16 protocol, the PMprotocol contains two ISIs (two gray arrows), whichmight inhibit plasticity. Comparing the PMand the
Sprotocol, the last twopulses are similar. However, in contrast to thePMprotocol, the Sprotocol contains additional pulses of stimulation (threegray arrows),whichmightpromoteplasticity.B, Top,
Protocols of pseudo-massed stimulationwith ISIs of 10min (PM ISI10), the standard interval of 15min (PM), and 20min (PM ISI20). Bottom, Quantification of new synaptic boutons 40min after
stimulation. Scatter dot plot showing median (gray line) with interquartile range. Black dots represent each replicate. n 10 NMJs from 5 animals. *Significant difference compared with control
NS; PM p	 0.0001; Kruskal–Wallis test followed by Dunn’s multiple-comparisons test. C, Top, Protocols of stimulation. Bottom, Quantification of new synaptic boutons 40 min after stimulation.
Scatter dot plot showing median (gray line) with interquartile range. Black dots represent each replicate. n 10 NMJs from 5 animals. *Significant difference compared with PM; PM2 p
0.0007; S44 p 0.0286; PS p 0.0072; Kruskal–Wallis test followed by Dunn’s multiple-comparisons test.
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15 or 20 min did not generate new synaptic boutons, the same
protocol with 10min of ISIs produced a large number of boutons
(Fig. 2B), similar to the massed protocol containing 16 min of
stimulation (Fig. 1E). This implies the existence of underlying
processes during the ISI, an aspect that we explore later. This
recall the molecular mechanisms during the intertrial interval
required for the spacing effect in a context of memory (Pagani et
al., 2009; Philips et al., 2013; Kopec et al., 2015).
Repetition effect overcomes the inhibitory effect of the ISI in
the spaced protocol
We analyzed whether the additional pulses of stimulation in the
spaced protocol overcome the inhibitory effect of the ISI detected
in the pseudo-massed protocol. To test the existence of this rep-
etition effect, we first examined the effect of the addition of a
single 2 min pulse of stimulation to the pseudo-massed protocol
with the standard ISI of 15 min (Fig. 2C). Note that a small pulse
of 2 min did not produce synaptic plasticity by itself (Fig. 1F).
This extended protocol of four pulses produced a significant
number of new synaptic boutons, supporting the notion that
additional pulses of stimulation can overcome the inhibitory ef-
fect in the pseudo-massed protocol (Fig. 2C).However, this strat-
egy was not enough to discriminate the effects of adding a pulse
from the increase in the total amount of stimulation because the
total time of stimulation in this extended protocol was 18 min
(16  2 min) instead of 16 min. Therefore, we rearranged the
duration of the pulses to keep a total time of 16min. The pseudo-
massed protocol with pulses of 5, 5, and 6 min was reorganized
into two new protocols: 4, 4, 4, 4 min (named “S44”) and 5, 5,
4, 2 min (named “positively skewed”) (Fig. 2C). Note that, in the
latter protocol, the duration of successive pulses was reduced, in
contrast to the spaced protocol, whereas the S44 protocol was
symmetric. Both rearranged protocols produced a significant
number of new synaptic boutons (Fig. 2C), supporting the idea of
a repetition effect overcoming the inhibitory effect of the ISI.
These results also indicated that neither the asymmetry nor the
longer pulses at the end are needed for synaptic plasticity in the
standard spaced protocol (a property that wemake use below). It
was shown previously that 4, but not 3, pulses of 2 min also
induced structural synaptic plasticity in Drosophila NMJ and in
cultured hippocampal neurons (Wu et al., 2001; Ataman et al.,
2008). Altogether, these data suggest that the fourth pulse over-
comes the inhibitory effect found in the three-pulse protocol
independently of the size of the pulses and the total time of
stimulation.
Altogether, these observations suggest the integration of two
effects in the spaced protocol: the spacing effect, which is inhibi-
tory to the formation of new synaptic boutons, and the repetition
effect, which promotes the formation of new synaptic boutons
after more than three pulses of stimulation. Therefore, we con-
clude that, in the pseudo-massed protocol, the inhibition exerted
by the ISI precluded synaptic plasticity. However, when the in-
tervals between stimuli are excessively short (i.e.,10min), there
is no inhibitionmediated by the ISI and the synapses decoded this
pattern as a massed stimulation.
Ras/MAPK controls the spacing effect in structural
synaptic plasticity
To gain insights into themechanisms of the synaptic phenomena
described above and to provide further support for our interpre-
tations, we looked for molecular components that could act
during the ISI. Previously, we showed that the phosphatase cork-
screw modulates MAPK activity during the intertrial intervals of
a spaced protocol of olfactory learning, presumably through the
Ras/MAPK pathway (Pagani et al., 2009). Moreover, MAPK ap-
pears to be differentially regulated during spaced and massed
stimulation and its inhibition or inhibition of Ras in hippocam-
pal neurons prevents long-term potentiation (LTP) and spine
enlargement (Wu et al., 2001; Harvey et al., 2008). Finally, be-
cause Ras regulates the number of synaptic boutons in develop-
ing fly NMJ upstream of PI3K, Ral and Raf (Koh et al., 2002), we
analyzed the effect of suppressing or enhancing Ras activity on
the formation of new synaptic boutons after stimulation.
First, we examined the effect of reducing Ras activity in mo-
toneurons by expressing the dominant-negative allele RasN17
(UAS-Ras.N17/;CD8.mRFP/;D42/). Surprisingly, RasN17
had no effect on the number of new synaptic boutons after the
spaced protocol compared with the control genotype (/;
CD8.mRFP;D42/; Fig. 3A). However, the inhibition of Ras pro-
moted a significant number of new synaptic boutons after the
pseudo-massed protocol compared with the control genotype
(/; CD8.mRFP; D42/) or control stimulation (NS) (Fig.
3A). A similar result was obtained by using a Ras.RNAi (Fig. 3B).
This evidence suggested that Ras participates in the inhibition
mediated by the ISI because the inhibitory effect of the pseudo-
massed protocol disappeared in the presence of a Ras dominant-
negative allele.
Second, we examined the effect of enhancing Ras activity in
motoneurons by overexpressing aWT allele RasWT (CD8.mRFP/
UAS-Ras.WT;D42/). Consistent with the other data, RasWT
had no effect on the number of new synaptic boutons after the
pseudo-massed protocol compared with the control genotype
(/; CD8.mRFP; D42/) (Fig. 3C). However, the overexpres-
sion of Ras prevented synaptic plasticity after the spaced stimu-
lation (Fig. 3C), suggesting that the inhibitory effect produced by
RasWT cannot be overcome by five pulses of stimulation. There-
fore, activity levels of Ras can determine how the synapse decodes
a stimulus pattern into distinctive plastic changes.
Next, we investigated whether the suppression of rolled, the
Drosophila ortholog of the MAPK ERK1/2 (Biggs et al., 1994),
produced an effect on synaptic plasticity similar to the dominant-
negative Ras.N17. Reducing rolled activity in motoneurons by
expressing an rl-RNAi (CD8.mRFP/;D42/UAS-rl-RNAi) had
no effect in plasticity after spaced stimulation and promoted a
significant plasticity after the pseudo-massed protocol (Fig. 3D),
suggesting that Ras/MAPK signaling controls the spacing effect
on synaptic plasticity.
Although it seems clear that the ISI produces an inhibitory
effect and Ras mediates an inhibitory effect on synaptic plasticity
as well (Figs. 2, 3A–C), the evidence presented did not support
that Ras acts in an ISI-dependent manner. If Ras inhibits the
formation of new boutons during the ISI, then genetic manipu-
lations of Ras should have no effect on synaptic plasticity after
massed stimulation because there was no ISI in this protocol.We
tested this prediction and found that neither suppressing nor
enhancing Ras activity produced a significant effect on the num-
ber of new synaptic boutons after massed stimulation (Fig. 3E).
Similarly, suppressing rolled had no effect on plasticity after
massed stimulation (Fig. 3E).
Motoneurons expressing Ras or rolled transgenes before
stimulation showed a reduced number of synaptic boutons
compared with the control genotype. However, the number of
synaptic boutons before stimulation in motoneurons with en-
hanced or suppressed activity of Ras/MAPK was the same
(data not shown), in agreement with previous reports (Koh et
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Figure 3. Ras/MAPKmediates the ISI-dependent inhibition in synaptic plasticity. A–D, Quantification of new synaptic boutons 40 min after stimulation conditions: Control nonstimulated (NS)
compared with spaced (S) and pseudo-massed stimulation (PM) in control genotype and Ras.N17 genotype (A), Ras.RNAi (B), Ras.WT genotype (C), and rl.RNAi genotype (D). n 9 NMJ from 5
animals. A, Control genotype: NS versus S, p 0.0017; Ras.N17 genotype: NS versus S, p 0.0205 and NS versus PM, p 0.0017; PM stimulation: control genotype versus Ras.N17, p 0.0462.
B, Control genotype: NS versus S,p0.0005; Ras.RNAi genotype: NS versus S,p0.0009; andNS versus PMp0.02. C, Control genotype: NS versus S,p0.0017.D, Control genotype: NS versus
S,p0.0017; rl.RNAi genotype:NS versus S,p0.003; andNSversusPM,p0.0365, Kruskal–Wallis test followedbyDunn’smultiple-comparisons test. ForA–C, a single testwasmade including
all thedata.E, Quantificationof newsynaptic boutons 40minafter stimulation conditions: Control NS comparedwithmassed stimulation (M16) in control genotypeandRas.N17, Ras.RNAi, Ras.WT,
and rl.RNAi genotypes. n 9 NMJs from 5 animals. Scatter dot plot showing median (gray line) with interquartile range. *Significant difference NS versus M16, control genotype, p	 0.0001;
Ras.N17, p 0.0071; Ras.RNAi, p 0.0346; Ras.WT, p 0.0136; and rl.RNAi, p 0.0351, Kruskal–Wallis test followed by Dunn’s multiple-comparisons test.
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Figure 4. Spaced stimulation reduced ambiguous synaptic responses in plasticity. A, Number of new synaptic boutons versus number of pulses in protocols totaling 16 min of stimulation.
Exponential one phase decay fit for three ormore pulses. n 10 NMJs from 5 animals for each number of pulses.B, Variance of the number of new synaptic boutons as a function of themean after
a single pulse of increasing durations 0, 2, 4, 6, 10, and 16min (M) with quadratic fit and after spaced stimulation (S) with a total time of 16 min, n 9 NMJ from 5 animals for each mean. (C–H )
Frequency distribution of new synaptic boutons showing overlapped a nonlineal regression fit to a negative binomial model after massed stimulation of increasing duration: 2min (M2) (C), 4min
(M4) (D), 6 min (M6) (E), 10 min (M10) (F ), 16 min (M16) (G), and after the spaced (S) protocols of 16 min of total stimulation (H ), in each case n 9 NMJs (Figure legend continues.)
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al., 2002), indicating that the effects reported above (Fig.
3A–D) were activity dependent.
Together, these results showed that overexpressing Ras pre-
cluded the synaptic plasticity induced by the spaced protocol.
Moreover, new synaptic boutons can be detected by reducing Ras
orMAPK activity (Fig. 3A–D) even after the pseudo-massed pro-
tocol, which is insufficient to promote plasticity in the control
genotype. In other words, Ras/MAPK is essential for the inhibi-
tory effect of the ISI because Ras/MAPK manipulations had no
effect in the absence of ISIs (Fig. 3E). These results further sup-
ported the existence of an inhibitory effect mediated by the ISI in
the pseudo-massed protocol.
Ras/MAPK seems to only regulate the formation of new syn-
aptic boutons but does not mediate their formation because new
boutons can be formed even with an effective reduction after the
spaced protocol (Fig. 3A,B,D).
Spaced stimuli promote precision in structural
synaptic plasticity
What would be the role of the ISI-dependent inhibition and the
repetition effect? In contrast to a single pulse of 16 min (massed
stimulation), 16 min of stimulation divided in three pulses
spaced by 15 min prevented structural plasticity (Fig. 4A). An
exponential recovery was observed by dividing the 16 min of
stimulation in four and five pulses (Fig. 4A). This recovery was
associated with a reduced dispersion after five pulses of stimulation,
suggesting a change in data distribution induced by the spaced pro-
tocol. To address this possibility, we analyzed the properties of the
data produced bymassed and spaced stimulation.
The variance of the number of new synaptic boutons after
massed stimulation was larger than the mean (variance
mean,
which is known as overdispersion; Bliss and Fisher, 1953; Linde´n
andMa¨ntyniemi, 2011), increasing with the duration of the pulse
up to 10 min, but became smaller (more precise) after that (Fig.
4B). This variability seems to be even smaller after spaced stimu-
lation (variance  mean) (Fig. 4B). We used the negative bino-
mial distribution, which canmodel count data with both types of
mean–variance relationship (Bliss and Fisher, 1953). This distri-
bution is described by two parameters, the mean (m) and the
dispersion parameter (k). The distribution approaches a Poisson
distribution because k tends to infinity, with variance  m,
(Varmm2/k) (Bliss and Fisher, 1953).
This model described well all the data produced by massed
and spaced stimulation (Fig. 4C–H). The data produced by
massed stimulationwas characterized by an asymmetric distribu-
tion with small k value and low probability of success in pulses
shorter than 16 min (Fig. 4C–G,I). The probability of failure
estimated as the probability mass function when x  0, was es-
sentially identical to the direct observation of the NMJs showing
an absence of plasticity (Fig. 4J). In contrast, the data produced
by spaced stimulationwas characterized by a symmetric distribu-
tion with large k value and a high probability of success (Fig.
4H–J). The variability in events of synaptic plasticity, estimated
as variance (m m2/k), was 6.13 times larger after massed than
spaced stimulation (Fig. 4G,H), indicating that the spaced stim-
ulation composed of 5 pulses induced a more precise response in
synaptic plasticity. In this context precision refers to how close
the number of new synaptic boutons from different samples are
to each other. Whereas 16 min of massed stimulation produced
significant overdispersion in events of plasticity compared with
Poisson (2 p	 0.0001), the spaced stimulation did not (2 p
0.5) (Lawless, 1987) (Fig. 4B,G,H). This means that, whereas the
massed stimulation induces a variable number of new synaptic
boutons in different synapses (low precision of the synaptic re-
sponse), the spaced pattern always produce a similar response
(high precision of the synaptic response).
In addition, the protocol of 4 pulses of 4min (Fig. 2C) induced
a synaptic response with intermediate properties between those
produced bymassed and spaced stimulation (Fig. 4K), indicating
that 5 pulses are required to develop such precision in plasticity.
The synaptic response after the pseudo-massed protocol con-
taining ISIs of 10 min (Fig. 2B) showed a data distribution with
properties of that produced bymassed stimulation (Fig. 4L), sup-
porting that, by reducing the ISI to 10 min, the stimulation pat-
tern was decoded as a massed stimulation. Similarly, the synaptic
response after the standard pseudo-massed protocol by reducing
Ras or rolled activity (Fig. 3A,B,D) showed a data distribution with
properties of that produced by massed stimulation (Fig. 4M,N),
supporting that the stimulation pattern was decoded as a massed
stimulation in the absence of these molecular components.
We confirmed the conclusion that the spaced stimulation
induced a more precise response in synaptic plasticity using a
distribution-independent analysis. We examined variability
in synaptic response by resampling of the experimental data
through the bootstrapping technique. We found a variance
4.10 times larger after massed than spaced stimulation (Fig.
5A–C). Together, these observations suggest that the integra-
tion of spacing and repetition effects reduces imprecise syn-
aptic plasticity responses.
Next, because precision in synaptic plasticity was higher after
five than four spaced stimuli (Fig. 5C), we tested whether a larger
number of pulses produce a higher precision. We examined the
precision in synaptic plasticity after a protocol of 5 or 8 pulses of
2 min spaced by 15 min (totaling 10 and 16 min of stimulation)
compared with 10 and 16 min of massed stimulation.
First, 10 and 16 min of massed or spaced stimulation pro-
duced a significant number of new synaptic boutons compared
with the nonstimulated preparation (Fig. 5A,B). Second, stimu-
lation with 8 pulses of 2 min generated a synaptic response as
precise as the standard spaced protocol (5 stimuli totaling 16min;
Fig. 5C) and produced a data distribution with similar properties
to the standard spaced stimulation (Fig. 5D,E). This confirmed
that the spaced protocol produces higher precision in synaptic
plasticity. However, 5 pulses of 2 min (totaling 10 min of stimu-
lation) produced a synaptic response as variable as 10 min of
massed stimulation (Fig. 5C) with properties in data distribution
compatible with massed stimulation (Fig. 5F). This result allows
us to conclude that, in addition to the number of stimuli (five
pulses), the total time of stimulation in a spaced protocol is also
important for precision in structural synaptic plasticity.
Synaptic plasticity was prevented by ISI-dependent inhibition
in the pseudo-massed protocol, suggesting that this inhibitory
4
(Figure legend continued.) from 5 animals. I, Parameter of the negative binomial fit (k) as a
function of the stimulation time for a single pulse from 2–16min (M) and the standard spaced
protocol (S). J, NMJs failing to produce synaptic plasticity as a function of the stimulation time
(exponential one phase decay fit) after massed protocols (from 0 up to 16 min) and after the
standard spaced stimulation (S) totaling 16min. Probability was estimated as follows: (%NMJ)
number ofNMJs showinganabsenceof newsynaptic boutonsnormalized to thenumber ofNMJ
sstimulated (failures/all trials) and ( pmf(x 0)) probability mass function of the negative
binomial distributions fits when x 0. n 9 NMJs from 5 animals for each stimulation time.
Curves do not differ significantly, extra sum-of-squares F test, p 0.2203. K–N, Frequency
distribution of new synaptic boutons with fit to a negative binomial model after S44 (K) and
PMISI10 (L) in control genotypeandafter PMstimulation inRas.N17 (M) and rl.RNAi (N).n9
NMJs from 5 animals.
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Figure 5. Precision in structural synaptic plasticity requires prolong spaced stimulation. A, Protocols of stimulation: control nonstimulated (NS), massed stimulation of 16 min (M16), spaced
stimulation (S), symmetric stimulation (S44), spaced stimulation composed of 8 pulses of 2 min spaced by 15 min (S28), spaced stimulation composed of 5 pulses of 2 min spaced by 15 min
(S25) andmassed stimulation of 10min (M10). B, Quantification of new synaptic boutons 40min after stimulation (schematized in A, except S44 shown in Fig. 2C). Scatter dot plot showing
median (gray line) and interquartile range. n 10 NMJs from5 animals. *Significant difference comparedwith NS,M16, p	 0.0001; S, p 0.0123; S28, p 0.0043; S25, p	 0.0001; and
M10, p 0.0014, Kruskal–Wallis test, followedbyDunn’smultiple-comparisons test. C,Mean variance obtained by resamplingn 10,000 through the bootstrapping technique after stimulation
(schematized inA). Error bars indicatemean variance SEM. Asterisks indicate reduced variance: M16 versus S, p 0.0012;M16 versus S28, p 0.006; S vsS44, p 0.0293,Monte Carlo
permutation test.D, Fits of the negative binomial distribution to the observed new synaptic boutons after stimulation S28, n 10 NMJs from 5 animals. E, New synaptic boutons versus number
of pulses in protocols totaling 16min of stimulation. Exponential one phase decay fit for three ormore pulses. n 10NMJs from5 animals for each number of pulses. F, Fits of the negative binomial
distribution to the observed new synaptic boutons after stimulation S25, n 10 NMJs from 5 animals.
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effect prevents plasticity after a short stimulation, which can be
expected to be imprecise. Moreover, the integration of the spac-
ing and the repetition effects occurring in the spaced protocol
(five or more stimuli totaling 16 min) produced more precise
synaptic plasticity compared with the same amount of stimula-
tion in a massed pattern.
Ras gain-of-function (GOF) mutations impair specificity and
precision in synaptic plasticity
A group of disorders known as RASopathies are caused by GOF
mutations of various genes including Ras. The resulting mutant
proteins show higher and more persistent activity affecting the
spacing effect for memory, in contrast to the overexpression of
WT proteins that only show higher activity (Costa et al., 2002; Li
et al., 2005; Cui et al., 2008; Pagani et al., 2009; San Martín and
Pagani, 2014). Such persistent activity in different GOF muta-
tionswasmore prolonged than the activity required during the 15
min of intertrial interval producing LTM impairment (Pagani et
al., 2009). At the synaptic level, the spacing effect for structural
plasticity required
10min of ISI (Fig. 2B) and depended on Ras
signaling (Fig. 3). Therefore, the data presented above (Figs. 2, 3,
4, 5) predict that Ras GOF mutants would be unable to induce
synaptic plasticity normally because of a persistent activation
(more prolonged than that normally required for the 15 min of
ISI). In other words, the expression of Ras GOFmight produce a
similar effect to the shortening of the ISI to 10 min (Fig. 2B,L).
Therefore, any stimulation pattern containing spaced stimuli
might be decoded as a massed stimulation in these mutants. To
test this possibility, we examined the effect of the GOF Ras allele
V152G (Carta et al., 2006) on plasticity after spaced and pseudo-
massed stimulation. As expected, the specificity of the synaptic
response to the spaced and pseudo-massed protocol was lost be-
cause both stimulation patterns produced a large number of new
synaptic boutons (Fig. 6A,B). Furthermore, the precision in the
synaptic response was also lost because the spaced and pseudo-
massed stimulation induced a highly variable response in plastic-
ity compared with the control genotype (Fig. 6C). Finally, the
data produced by spaced and pseudo-massed stimulation in
the RasV152Gmutant showed a distribution compatible with the
data produced by massed stimulation in the control genotype,
low k value and high variance (Fig. 6D,E), supporting the notion
that in this Ras mutant spaced stimuli are decodes as massed
stimulation.
Because the spacing effect was lost with the GOF Ras mutant,
our experiments suggest a pathological alteration in how syn-
apses decode stimulus patterns for activity-dependent structural
synaptic plasticity. More importantly, these experiments provide
evidence for a model in which the integration of the spacing and
the repetition effects constitute a mechanism for disambiguation
in synaptic plasticity in which Ras is required.
Spaced, but not massed, stimulation potentiates
mEJP frequency
Spaced stimulation potentiatesmEJP frequency at theNMJ through
a retrograde synaptotagmin4-dependent signalingmechanism(Yo-
shihara et al., 2005; Ataman et al., 2008; Korkut et al., 2013). In
addition, mEJP, but not evoked EJP, seems to be required for
developmental synapse growth (Choi et al., 2014). Therefore, we
Figure6. Ras GOFmutation impairs specificity andprecision of synaptic response.A, Protocols of stimulation: control nonstimulated (NS), spaced (S), and pseudo-massed (PM).B, Quantification
of new synaptic boutons 40 min after stimulation (schematized in A) in motoneurons expressing the GOF Ras.V152G mutant allele. Scatter dot plot showing median (gray line) with interquartile
range. n 10 NMJs from 5 animals. *Significant plasticity compared with NS, S, p 0.008; PM, p 0.001, Kruskal–Wallis test followed by Dunn’s multiple-comparisons test. C, Mean variance
obtained by resampling n 10,000 through the bootstrapping technique after different protocols of stimulation: S and PM. Error bars indicate mean variance SEM. *Larger variance compared
with the S protocol in the control genotype, p 0.0177, Monte Carlo permutation test. #In the control genotype, PM stimulation does not induced structural plasticity. D, E, Fits of the negative
binomial distribution to the observed new synaptic boutons in GOF Ras.V152G after S (D) and PM stimulation (E), n 10 NMJs from 5 animals.
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investigatedwhether the stimulation patterns that produce struc-
tural synaptic plasticity (Fig. 1A,D) also potentiate mEJP fre-
quency. To test this possibility, we provided the stimulation
patterns as before (Fig. 1A) and then examined mEJP frequency
as described previously (Ataman et al., 2008). In contrast to our
expectations, the spaced protocol potentiated mEJP frequency
compared with the nonstimulated preparation, whereas massed
or pseudo-massed stimulation did not (Fig. 7A,B). Moreover,
mEJP frequency showed a linear regression with the number of
pulses (Fig. 7C). Therefore, functional and structural synaptic
plasticity did not correlate in these conditions. Because 16min of
spaced, but notmassed, stimulation potentiatedmEJP frequency,
these observations show the existence of a spacing effect for func-
tional synaptic plasticity.
Ras manipulations preclude crawling-dependent
synaptic growth
The rapid formation of ghost boutons shares some of the mech-
anisms of developmental bouton formation (Korkut et al., 2013;
Piccioli and Littleton, 2014). Therefore, our observations might
predict that Ras manipulation produces structural defects in the
developmentally formed boutons and in turn behavioral defects
in locomotor activity. Because the pseudo-massed stimulation
induced new synaptic boutons in Ras.N17, Ras.RNAi, and
rl.RNAi animals, but not in the control genotype (Fig. 3), inhibi-
tion of Ras/MAPK seems to facilitate structural plasticity. More-
over, overexpression of Ras.WT precluded synaptic bouton
formation even after the spaced stimulation (Fig. 3). Together,
these data suggested that Ras might work similarly to the focal
adhesion kinase (Fak56), which suppresses crawling-activity-
dependent NMJ growth (Tsai et al., 2008, 2012). To explore this
possibility, we cultured fruit flies at 29°C as described previously
(Tsai et al., 2012), which induced temperature-dependent high
crawling activity and in turn promoted the formation of synaptic
boutons (synapses growth). Then, we examined the relation be-
tween crawling activity and synapse growth in larvae expressing Ras
transgenes used above (Figs. 3, 6). Crawling levels in animals ex-
pressing Ras.N17, Ras.RNAi, or RasV152G in motoneurons were
indistinguishable from the control genotype (/;CD8.mRFP;
D42/) (Fig. 8A,B). In contrast, overexpression of Ras.WT en-
hanced crawling activity (Fig. 8A,B). We also investigated
whether such levels of activity promote a consistent degree of
synapse growth, measured as total number of synaptic boutons.
Control animals showed a high number of synaptic boutons
compared with any of the animals with Ras manipulation (Fig.
8C). Therefore, these results suggest that Ras manipulations pre-
clude crawling-dependent synaptic growth even after a higher
crawling in animals overexpressing Ras.WT.
Discussion
We investigated the production and distribution of discrete
events of structural synaptic plasticity induced by spaced stimuli
at the single synapse level. Our study provides evidence that syn-
apses compute and integrate spaced stimuli differently depend-
ing on the number of pulses, the length of the intervals between
pulses, and the total time of stimulation.
We found that the spacing effect is a phenomenon detected at
the synaptic level, which determines mEJP frequency potentia-
tion and the specificity and precision in structural synaptic plas-
ticity as well.
An additional important finding in our investigations is that
the spacing in a short protocol (three pulses) inhibits synaptic
plasticity (Figs. 1A–D, 2B) (Wu et al., 2001; Ataman et al., 2008).
The lack of plasticity in this protocol was avoided when the spac-
ing was shortened to 10 min (Fig. 2B) (Vasin et al., 2014). Con-
sistent with this, whereas suppressing Ras activity by Ras.N17 or
Ras.RNAi allowed us to detect synaptic plasticity after pseudo-
massed stimulation (Fig. 3A,B), overexpressing Ras-WT pre-
Figure 7. Spaced, but not massed, stimulation potentiates mEJP frequency. A, Representa-
tive recordings of mEJPs from a nonstimulated (NS) preparation and from preparations sub-
jected to spaced (S), pseudo-massed (PM), or massed (M16) stimulation in NMJ 6/7 of control
genotype (CD8.mRFP; D42/). B, Frequency of mEJPs recorded from fibers 6/7, 15 min after
each of the treatments shown inA normalized to the average frequency observed in nonstimu-
lated preparations. Scatter dot plot showingmedian (gray line) with interquartile range. Black
dots represent each replicate. n 10 NMJs from 5 animals. *Significant difference compared
with control NS; S, p 0.0367, Kruskal–Wallis test followed by Dunn’s multiple-comparisons
test. C, Average frequency of mEJP versus number of pulses in protocols totaling 16 min of
stimulation showing a linear relationship, p 0.0027, n 10 NMJs from 5 animals for each
number of pulses.
San Martin et al. • Spacing Effect for Structural Synaptic Plasticity J. Neurosci., May 10, 2017 • 37(19):4992–5007 • 5003
vented plasticity after the standard protocol of spaced stimuli
(Fig. 3C). Inhibition of MAPK using a rolled-RNAi showed a
similar effect to the inhibition of Ras (Fig. 3D). These genetic
manipulations of Ras or MAPK had no effect on the synaptic
plasticity after massed stimulation (Fig. 3E), supporting the idea
that spacing is required for these Ras/MAPK-dependent effects
(Fig. 3). Therefore, geneticmanipulations of Ras/MAPK changed
how a synapse decodes the information of a stimulation pattern
(Figs. 1, 3).
In addition, a GOF mutation of Ras (i.e., V152G) impaired
the specificity of the synaptic response and the precision in syn-
aptic plasticity induced by spaced stimuli (Fig. 6A,B). This is a
straightforward interpretation because Ras GOF induced synap-
tic plasticity after the spaced and pseudo-massed stimulation
with a highly variable number of new synaptic boutons (Fig.
6C–E). The plasticity induced by pseudo-massed stimulation
with the Ras GOF mutant can be explained by an enhanced ac-
tivity of Ras, whichmight disrupt the spacing effect for structural
synaptic plasticity, making it equivalent to shortening the ISI to
10 min (Fig. 2B). In this Ras mutant, the synaptic response after
any stimulation was as variable as in the control genotype after
the pseudo-massed with ISIs of 10min (Fig. 2B). Overexpression
of Ras cannot explain the effect of the GOF allele because over-
expressing Ras-WT prevented the formation of new boutons af-
ter the spaced protocol (Fig. 3C). Together, these observations
suggest that the plasticity in the Ras GOF mutant is decoded as
massed stimulation, which is consistent with the effect of the
corkscrewGOF alleles in memory after spaced training (Pagani et
al., 2009). Therefore, the spacing effect at the synaptic level seems
to be essential for the specificity and the precision of the synaptic
response to a stimulus pattern (Fig. 9) because, in absence of the
spacing effect, the repetition effect cannot be encoded.
Effect of the spacing and repetition
Our experiments and previous reports suggest that the ISI-
dependent inhibition and the repetition effect work in distinct
moments and by different mechanisms. Ras/MAPK signaling
modulated stimulation-dependent new synaptic boutons forma-
tion, but did not participate directly in the formation because the
inhibition of those components (using Ras.N17, Ras.RNAi,or
rl.RNAi) did not prevent the formation of new synaptic boutons
(Fig. 3). In fact, the expression of those transgenes seems to facil-
itate structural plasticity, in contrast to the overexpression of
Ras.WT that precluded it (Fig. 3). These data are consistent with
a model in which rolled, controlled by retrograde signaling, in-
hibits fasciclin II and in turn prevents structural plasticity (Tsai et
al., 2008 and 2012). It is tempting to speculate that such retro-
grade mechanism somehow controls the time required for the
effectiveness of the spacing effect. In addition, Ras/MAPK appear
to exert their effect during the ISI because, in absence of ISIs,
there was no significant effect on plasticity (Fig. 3D).
Moreover, the timing in which new synaptic boutons came
out suggests that the repetition exerts its effect during the pulse.
In Drosophila NMJ, it was shown previously that, immediately
after three pulses of stimulation (spaced by 15min), there was no
new synaptic boutons. However, new synaptic boutons were de-
tected immediately after the fourth pulse of stimulation and per-
sisted at least up to 130 min after stimulation (Ataman et al.,
2008). New boutons appear only during the pulse of K stimu-
lation, but not during the ISIs in theDrosophilaNMJ (Piccioli and
Littleton, 2014). A similar phenomenon was found in cultured
hippocampal neurons stimulated with K (Wu et al., 2001). To-
gether, these data suggest that repetition and ISI-dependent in-
hibition work, respectively, during the pulse of stimulation and
the intervals and, presumably, they are integrated along the
course of the stimulation protocol.
Spaced stimuli promote precision in structural
synaptic plasticity
Count data are usually not distributed randomly, providing in-
formation about the distribution of the underlying mechanisms
(Bliss and Fisher, 1953). This was the case after massed stimula-
tion, which showed overdispersion; however, the spaced stimu-
lation promoted a random distribution (Poisson process; Fig.
4H; Bliss and Fisher, 1953; Linde´n and Ma¨ntyniemi, 2011). The
main difference in data sampling was a greater manipulation
during spaced stimulation, which should provide a larger varia-
tion, but not smaller (Fig. 4G,H). Therefore, the distributions
observed might reflect the distribution of the underlying mecha-
nisms, for instance, the rate of relocation and nanoclustering of
Ras within the nerve terminal after pulses of stimulation, which
in turn regulates synaptic bouton formation (Harvey et al., 2008;
Murakoshi et al., 2011;Murakoshi and Yasuda, 2012; Zhou et al.,
2015).
We detected structural synaptic plasticity after massed
stimulation (Fig. 1). In contrast, a previous report did not
detect plastic changes after a similar stimulation procedure in
cultured hippocampal neurons (Wu et al., 2001). One possible
Figure 8. Ras manipulations preclude crawling-dependent synaptic growth. A, Representative tracking of the crawling assay for larvae expressing Ras alleles in motoneurons and control
genotype. B, Overall speed, calculated as distance traveled over mobility time, for the different genotypes. n 7 animals. *Significant differences compared with control genotype speed, p	
0,0001, ANOVA test followedbyDunn’smultiple-comparisons test.C, Total number of boutons of theNMJ6/7 in third instar larvae raised at 29°C.n6NMJs from6animals. *Significant differences
compared with control genotype, Ras.N17, p 0.0002; Ras.WT, p 0.0004; Ras.V152G, p 0.0014; Ras.RNAi, p 0,0007, ANOVA test followed by Dunn’s multiple-comparisons test.
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explanation is that synaptic plasticity after massed stimulation
is only observable at certain synapses, including the larval
NMJ. Alternatively, it is also possible that the hippocampal ex-
plants used after 3–4 weeks of culture (Wu et al., 2001) had no
completely functional synaptic connections lacking part of the
retrograde mechanisms required for normal synaptic function
and plasticity (Yoshihara et al., 2005; Dean et al., 2009; Korkut et
al., 2013). This may explain why the investigators only detected
formation and enlargement of filopodia, not dendritic spines,
after spaced stimulation (Wu et al., 2001).
Lack of plasticity after three pulses of stimulation, regardless
of the duration of each pulse, as well as the ability to produce it
after four pulses (spaced by 15 min), was detected previously in
cultured hippocampal neurons and in fruit fly NMJ (Wu et al.,
2001; Ataman et al., 2008), predicting that this may be a general
phenomenon not limited to our experimental model or conditions.
Spaced, but not massed, stimulation produced a more precise
response in structural plasticity, which in
turn might have important implications
because neuronal connectivity deter-
mines brain function. Spaced stimuli in-
volve a system in which a given time of
activity (e.g., 16 min) is more accurately
decoded. This property can be paramount
in many processes considering that the in-
formation is not carried by a single neuron,
but through at least several neurons in par-
allel (e.g., fromdentate gyrus toCA3 in the
hippocampus). For instance, a precise
synaptic response in structural plasticity
after a specific experience or activity pat-
tern may ensure a specific balance between
excitatory and inhibitory inputsor thatneu-
rons operating in parallelmaintain a similar
synaptic strength, as suggested for parallel
synapses within an axonal branch (Bartol et
al., 2015).Moreover, 16 min of spaced, but
notmassed, stimulation potentiatesmEJP
frequency (Fig. 7), which in turnmay reg-
ulate synapse growth (Choi et al., 2014).
One important prediction of our ob-
servations is that a higher precision in syn-
aptic plasticity may also underlie the
spacing effect for memory. Remarkably,
in cerebellum-dependent motor learning,
the spaced training produced several
times fewer variation in synaptic density
compared with the massed training (Aziz
et al., 2014). If such higher precision in
synaptic plasticity is involved in spaced-
dependent learning, we can speculate
about its behavioral implications. One
possibility is that the resulting behavioral
performance also would be more precise
after the spaced training. Although inter-
esting, such a situation was found in few
(Pagani et al., 2009; Aziz et al., 2014), but
not most, cases in the literature (Tully et
al., 1994; Scharf et al., 2002; Jackson et al.,
2013; Zhao et al., 2013). Alternatively, a
more precise response in structural syn-
aptic plasticitymight contribute to amore
persistent memory, as previous observa-
tions suggest (Aziz et al., 2014). Regardless of the precision,
spaced training provides a more enduring structural plasticity
than the massed one, which correlates with the persistence of
the resulting memory (Aziz et al., 2014).
Previous studies have proposed that molecular mechanisms
involving the Ras/MAPK signaling pathway and the coordination
of this pathway with PKA signaling may underlie the spacing
effect for memory (Pagani et al., 2009; Zhang et al., 2011; Smolen
et al., 2016). It should be noted that genetic and pharmacological
manipulations of Ras/MAPK signaling pathway impair LTP
and consolidated memories after spaced training, but not after
massed training (Pagani et al., 2009; Smolen et al., 2016). Here,
our experiments suggest that similar molecular signaling path-
ways may contribute to decode patterns of activity determining
the response in structural synaptic plasticity, which in turnwould
support the spacing effect for memory.
Figure 9. Schematic model summarizing the properties of three distinct patterns of stimulation and their specificity in struc-
tural synaptic plasticity response. Three patterns of stimuli with the same total time of stimulation showed different responses
depending on the number of stimuli and ISIs of 15 min. The synaptic response is Ca 2-and activity-dependent new synaptic
boutons (Ataman et al., 2008). Top, One long pulse with no ISI produced a significant response in structural synaptic plasticity
(boutons), but this response is highly variable. Middle, Three spaced pulses did not produce plasticity as a result of a Ras/MAPK-
dependent inhibition acting during the ISIs. Bottom, If the number of pulses is increased (5), then the inhibition mediated by
Ras/MAPK is overcome and the synaptic response is significant and more precise.
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Ras in structural synaptic plasticity
Motoneurons expressing a Ras GOF allele lose the Ras-dependent
inhibition in the pseudo-massed protocol, as well as a precise
synaptic response, after the standard spaced stimulation. The fact
that an ISI of 10min prevented the inhibitory effect indicates that
Ras requires a longer time than that to produce its effect. There-
fore, Ras appears to be acting as a detector of stimuli determining
whether two pulses are separated enough to be computed as dif-
ferent stimuli or just a single one.
Growth of single dendritic spines induced by glutamate un-
caging in cultured hippocampal neurons requires Ca2 influx
and subsequent activation of CaMKII, calcineurin, Ras, RhoA,
and Cdc42 (Lee et al., 2009; Murakoshi et al., 2011; Murakoshi
and Yasuda, 2012). Extracellular calcium is also required for the
plastic changes examined in our study (Ataman et al., 2008).
Whereas the fast Ca2 signal lasts 0.1 s, downstream protein
activation expands the time scale from seconds to1 min in the
case of CaMKII, which in turn activates small G-proteins lasting
several minutes (Murakoshi and Yasuda, 2012). Our study
showed that Ras regulates synaptic plasticity, but requires 
10
min of ISI to be effective (Figs. 2, 3). Calcineurin activation re-
spondsmainly to stimulus number, whereas CaMKII responds to
high number and frequency of stimuli. However, in both cases, a
significant response required a minimum stimulation frequency
of 2 Hz (Fujii et al., 2013). This requirement indicates that such
computation of stimulus required the integration of molecular
events initiated by successive pulses of stimulation. However, the
time scale in our experiments is much larger than those previous
reports (Harvey et al., 2008; Lee et al., 2009; Murakoshi et al.,
2011; Murakoshi and Yasuda, 2012; Fujii et al., 2013). Therefore,
our studies explored mechanisms involved in plastic changes
subsequent to those reported previously (Harvey et al., 2008;
Fujii et al., 2013). Plasticity at larger timescale was shown by
studies of LTP-mediated TBS, in which two TBS spaced by 60
min, but not 30min, induced a larger number of dendritic spines
compared with a single TBS (Krama´r et al., 2012).
In hippocampal neurons, Ras is necessary for sustained, but
not for transient, structural LTP (Harvey et al., 2008). However,
hyperactivation of Ras by suppressing NF1 activity results in
spine loss in hippocampal neurons because of sustained Ras ac-
tivity (Oliveira and Yasuda, 2014). Likewise, increasing Ras-WT
activity prevented synaptic plasticity after spaced stimuli (Fig.
3C). Therefore, the role of Ras in structural plasticity was docu-
mented in different neuronal types and distinct animalmodels or
preparations. Together, our experiments support that the spac-
ing effect and Ras seem to be widespread mechanistic compo-
nents in the nervous system for generating plastic changes.
Notes
Supplemental material for this article is available at http://www.ifibio-uba-
conicet.gob.ar/wp-content/uploads/2016/05/Supplemental-Materials-1
-4.pdf. Results presented herein as “data not shown” are available on our
website as supplementary material. This material has not been peer re-
viewed.
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